Diatoms constitute a major phylum of phytoplankton biodiversity in ocean water and freshwater ecosystems. They are known to respond to some chemical variations of the environment by the accumulation of triacylglycerol, but the relative changes occurring in membrane glycerolipids have not yet been studied. Our goal was first to define a reference for the glycerolipidome of the marine model diatom Phaeodactylum tricornutum, a necessary prerequisite to characterize and dissect the lipid metabolic routes that are orchestrated and regulated to build up each subcellular membrane compartment. By combining multiple analytical techniques, we determined the glycerolipid profile of P. tricornutum grown with various levels of nitrogen or phosphorus supplies. In different P. tricornutum accessions collected worldwide, a deprivation of either nutrient triggered an accumulation of triacylglycerol, but with different time scales and magnitudes. We investigated in depth the effect of nutrient starvation on the Pt1 strain (Culture Collection of Algae and Protozoa no. 1055/3). Nitrogen deprivation was the more severe stress, triggering thylakoid senescence and growth arrest. By contrast, phosphorus deprivation induced a stepwise adaptive response. The time scale of the glycerolipidome changes and the comparison with large-scale transcriptome studies were consistent with an exhaustion of unknown primary phosphorusstorage molecules (possibly polyphosphate) and a transcriptional control of some genes coding for specific lipid synthesis enzymes. We propose that phospholipids are secondary phosphorus-storage molecules broken down upon phosphorus deprivation, while nonphosphorus lipids are synthesized consistently with a phosphatidylglycerol-to-sulfolipid and a phosphatidycholine-to-betaine lipid replacement followed by a late accumulation of triacylglycerol.
Diatoms are a major component of phytoplankton communities, believed to be responsible for up to onefourth of global primary productivity (Scala and Bowler, 2001) . They live in an environment where light, temperature, pH, oxygen, carbon dioxide, nutrients, and all kinds of physicochemical parameters can vary dramatically. Nitrogen (N), phosphorus (P), and iron are the most often limiting or colimiting nutrients (Mills et al., 2004; Moore et al., 2013) , and N is more often limiting than P in marine systems, with the reverse in freshwaters (Hecky and Kilham, 1988) . As a selection pressure, the relative fluctuations of N and P have been proposed to be responsible for the differences of size distributions of diatoms, freshwater species being smaller than marine ones due to the ambient scarcity of P (Litchman et al., 2009) . Nutrient scarcity is a criterion to define oligotrophic areas in oceans. A study by Van Mooy et al. (2009) on phytoplanktonic communities in an oligotrophic marine region, where P is scarce (less than 10 nM), observed that diatoms reduced their P requirements by synthesizing less phosphoglycerolipids, in particular phosphatidylcholine (PC) and phosphatidylglycerol (PG), and more nonphosphorus lipids, such as sulfoquinovosyldiacylglycerol (SQDG) and betaine lipids (BL), as compared with communities growing in a P-rich region (more than 100 nM). However, that study did not consider the levels of two other nonphosphorus lipid classes (i.e. the chloroplast galactoglycerolipids, in particular monogalactosyldiacylglycerol [MGDG] ) and digalactosyldiacylglycerol (DGDG), and triacylglycerol (TAG). When Van Mooy et al. (2009) examined planktonic membrane lipids at the two locations, their observations were consistent with a PG-to-SQDG and a PC-to-BL replacement triggered by P shortage. In a complementary set of experiments, they cultivated the diatom Thalassiosira pseudonana in a P-depleted or P-replete artificial medium and found variations of the SQDG-PG and BL-PC ratios in line with their on-site observations (Van Mooy et al., 2009) , supporting that lipid remodeling could be one of the most essential mechanisms allowing a given species to acclimate and populate oligotrophic areas.
Phospholipid-to-nonphosphorus lipid replacement has been studied in depth in the plant Arabidopsis (Arabidopsis thaliana; Benning and Ohta, 2005; Shimojima and Ohta, 2011; Boudière et al., 2012; Dubots et al., 2012; Nakamura, 2013; Petroutsos et al., 2014) . In Arabidopsis, PC and PG contents decrease upon P starvation, and the synthesis of plastid glycolipids (i.e. MGDG, DGDG, and SQDG) increases coincidentally. Based on the acyl profiles of glycerolipids, it is possible to identify the metabolic routes that are mobilized in this remodeling. In Arabidopsis, MGDG can be synthesized using diacylglycerol (DAG) generated locally inside the plastid, via the socalled prokaryotic pathway, or using diacyl precursors diverted from nonplastid phospholipids, via the so-called eukaryotic pathway (Browse et al., 1986) . The prokaryotic structure is characterized by a 16-carbon (C16) fatty acid (FA) at position sn-2 of the glycerol backbone, like cyanobacterial lipids, whereas the eukaryotic structure contains an 18-carbon (C18) FA at position sn-2. Thus, in Arabidopsis, (1) 18:3/16:3-MGDG originates from the stepwise galactosylation of prokaryotic 18:1/16:0-DAG followed by a rapid desaturation into the trienoic form; and (2) 18:3/18:3-MGDG relies on the import and galactosylation of eukaryotic precursors derived from phospholipids, most notably having 18:2/18:2 structures (Maréchal et al., 1994) , also followed by a desaturation into the trienoic form. Upon P shortage, the eukaryotic pathway is activated; PC hydrolysis releases a diacyl intermediate, which is then transferred to the plastid to synthesize MGDG and DGDG (Jouhet et al., 2003) , creating a virtuous recycling of lipid intermediates between phospholipid breakdown and galactolipid increase. The Arabidopsis response to low P combines a rapid metabolic regulation, coupling MGDG synthesis to the phospholipid status (Dubots et al., , 2012 , with a longer term genomic reprogramming (Misson et al., 2005; Morcuende et al., 2007) characterized by the up-regulation of phospholipases C and D (hydrolyzing phospholipids) and of monogalactosyldiacyl and digalactosyldiacyl isoforms (the galactosyltransferases synthesizing MGDG and DGDG, respectively). In P-starved conditions, a PG-to-SQDG replacement is observed and is considered to be a ubiquitous phenomenon in photosynthetic organisms, enabling the preservation of an anionic lipid environment to the photosystems in the thylakoids (Boudière et al., 2014) . No intense trafficking is required for this replacement, as SQDG and PG are both chloroplast lipids. The most spectacular feature of Arabidopsis lipid remodeling consists in the replacement of PC in a variety of subcellular locations, such as the plasma membrane, the tonoplast, and the mitochondria (but not observed in the endoplasmic reticulum [ER] ), by DGDG synthesized in the chloroplast, using still uncharacterized lipid export systems (Andersson et al., 2003 (Andersson et al., , 2005 Jouhet et al., 2003 Jouhet et al., , 2004 Jouhet et al., , 2007 Jouhet et al., , 2010 Sandelius et al., 2007; Tjellström et al., 2008) .
Lipid modifications triggered in Arabidopsis by a deprivation of N have not been studied as extensively. Upon N shortage, the quantity of N-containing lipids, in particular PC and phosphatidylethanolamine (PE), seems to be unaffected (Gaude et al., 2007) . On the other hand, the main response includes a relative decrease of MGDG and an increase of DGDG, concomitant with an upregulation of the genes encoding both digalactosyldiacyl isoforms, and a small increase of TAG synthesis (Gaude et al., 2007) . It is not known whether any lipid trafficking can be triggered by N shortage, nor whether there are any changes in the lipid composition of cell compartments, like those documented in cells exposed to P shortage.
No such comprehensive study has been made in a diatom model. Acyl profiles of all glycerolipid classes and quantifications still have to be determined. The existence of redundant metabolic routes, similar to the prokaryotic and eukaryotic pathways dissected in Arabidopsis, also requires assessment. The conservation of some processes occurring in plants, such as a decrease of MGDG and an increase of DGDG in N-depleted conditions or an increase of MGDG and DGDG and a putative PC-to-DGDG replacement in P-depleted conditions, also should be investigated.
Studies in diatoms have benefited from developments in two model species, the centric diatom T. pseudonana (Coscinodiscophyceae) and the pennate diatom Phaeodactylum tricornutum (Bacillariophyceae), for which intense efforts have resulted in fully sequenced genomes (Armbrust et al., 2004; Bowler et al., 2008) and provided reference data for transcriptomic (Maheswari et al., , 2009 Allen et al., 2008; Sapriel et al., 2009; Shrestha et al., 2012; Chauton et al., 2013) and whole-cell proteomic Nunn et al., 2009) analyses. P. tricornutum is pleiomorphic, with three major morphotypes (fusiform, triradiate, and oval). A series of axenic strains have been collected in various marine environments worldwide, denoted Pt1 to Pt10 (De Martino et al., 2007) , allowing analyses of phenotypic variations and the adaptation to various habitats.
In photosynthetic organisms, it is usually considered that, in standard conditions, phospholipids are mostly present in the endomembrane system, whereas nonphosphorus glycolipids are in the plastid. However, this distinction might be more complex in diatoms due to the physical connection between some membranes limiting the plastid with the endomembrane system and/or mitochondria. Briefly, like all eukaryotes, diatoms contain a conventional endomembrane system comprising the ER, nuclear envelope, Golgi, trans-Golgi network, plasma membrane, etc., which are connected to each other by vesicular shuttles or tubular structures (Brighouse et al., 2010) . In addition, two semiautonomous organelles of endosymbiotic origins are present, a mitochondrion limited by two membranes and a plastid bounded by four membranes, which originate from a secondary endosymbiosis (Dorrell and Smith, 2011; Petroutsos et al., 2014) . A continuum occurs between the ER and the outermost membrane of the plastid (Kroth et al., 2008) . The glycerolipid composition of each of the four membranes that surround the plastid is simply unknown. Therefore, it is difficult to speculate on the location of MGDG and DGDG synthesis and whether any export of DGDG to other locations of the cell could be plausible, like that observed in plants. Given the current state of membrane fractionation techniques, only global analyses can be performed. By contrast with other omics data, and although previous targeted studies have allowed the structural determination of some isolated glycerolipid classes (Arao et al., 1987; Yongmanitchai and Ward, 1993; Naumann et al., 2011) , the complete membrane glycerolipidome of P. tricornutum has not been fully characterized. The analyses of membrane glycerolipid remodeling in diatoms should also consider the accumulation of TAG triggered by nutrient shortage, which has been scrutinized in much more detail due to the potential applications for biofuels and green chemistry (Alonso et al., 2000; Rezanka et al., 2011; Zendejas et al., 2012; Levitan et al., 2014) .
In this article, by combining multiple analytical techniques, we sought to characterize comprehensively the major membrane glycerolipid classes in P. tricornutum, together with TAG. FA profiles of each class have been determined, providing acyl signatures that can be used as markers for diacyl moiety origins and fluxes. With a fully characterized glycerolipidome in hand, we then analyzed changes triggered by N and/or P depletion and deduced from lipid class and acyl signature variations the dynamic processes driving the observed lipid remodeling.
RESULTS

Comparison of P. tricornutum Ecotypes in Nutrient-Replete and Nutrient-Limiting Batch Cultivation
We examined the responses of all available P. tricornutum accessions, collected originally in various geographical regions and covering all known morphotypes (i.e. the fusiform shape commonly observed in laboratory conditions, the triradiate shape thought to be more abundant in nature, and the oval shape, indicative of a temperature or salinity stress; De Martino et al., 2007; Fig. 1A) . In our growth conditions, most accessions were fusiform except Pt8, which is mainly triradiate, and Pt3 and Pt9, which are oval. Cells grown in nutrient-replete conditions (0.55 mM N and 0.0224 mM P, called here 1N1P) were shifted to 2N (0N1P) or 2P (1N0P) medium.
Nonpolar lipid accumulation (mainly TAG), known to be triggered by nutrient shortage in phytoplankton, was monitored using Nile Red fluorescence staining. N depletion triggered a faster TAG accumulation as compared with P depletion; therefore, the comparison of the response of the different ecotypes to 2N or 2P was made 3 d after N depletion ( Fig. 1B) and 8 d after P depletion (Fig. 1C ). All accessions showed a marked accumulation of TAG shortly after N depletion, except Pt4, which exhibited a relatively modest increase (a representative experiment is shown in Figure 1B ). The detection of nonpolar lipid accumulation in response to low P required a much longer cultivation time in P-depleted medium, and no significant TAG accumulation could be detected after 3 to 5 d. After 8 d of growth in a P-limited medium, a contrasting phenotype in the series of Pt accessions could be observed (a representative experiment is shown in Figure 1C ), with a substantial accumulation of nonpolar lipid in all accessions except Pt4, Pt10, and PtHK, in which the Nile Red staining was lower than a 2-fold increase, as compared with cells grown in a replete medium.
We did not observe any correlation between the magnitude of response to N or P depletion and the corresponding morphotypes. Phenotypic variations might be related, rather, to the efficiency of N or P storage systems in the different accessions and/or to the signaling and metabolic processes activated by the lack of nutrients. In all cases, an increase of Nile Red fluorescence, even moderate, was always detected, thus demonstrating that TAG accumulation is a marker of nutrient shortage. We decided to pursue our experiments on Pt1, the most commonly used strain in laboratories, which responded significantly to both N and P deprivations.
Effects of N and P Depletion on the Growth and Photosynthesis of P. tricornutum
Since P depletion exerted an effect after a longer time period than N depletion, we had to be sure, when studying the effect of P shortage, that no exhaustion of N occurred during the time of observation and that control conditions were indeed kept replete. To avoid such issues, we adjusted the initial nutrient-replete conditions to concentrations 10 times higher than that applied in our comparative study of ecotypes (i.e. 5.5 mM N and 0.22 mM P [a medium called 10N10P]). We checked that the 10N10P medium supported the growth of P. tricornutum Pt1 at higher cell densities compared with the 1N1P medium (Supplemental Fig. S1A ). Most importantly, the photosynthetic capacity of cells, probed as photosynthetic capacity (F v /F m ), remained unaltered for 10 d in the 10N10P medium, in stark contrast with cells grown in 1N1P medium, where F v /F m dropped quickly during the growth period (Supplemental Fig. S1B ). After 5 d of cultivation in 1N1P medium, a decrease of F v /F m and an increase of nonpolar lipid content were measured (Supplemental Fig. S1C ), reflecting a nutrient limitation in the 1N1P medium that did not occur in the 10N10P condition.
We then evaluated the time scale of the Pt1 response after transfer to nutrient-limiting conditions. For this, the diatoms were grown in 10N10P medium until they reached a cell density of 6 to 7 million cells mL 21 . Cells were centrifuged, washed with 0N0P medium, and resuspended in 10N10P, 0N10P, and 10N0P media at a starting cell density of 3 to 3.5 million cells mL 21 . N depletion resulted in growth arrest after 1 d (Supplemental Fig. S2A ) and led to an accumulation of nonpolar lipids after 4 d (based on Nile Red fluorescence; Supplemental Fig. S2B ). P depletion affected neither growth nor lipid accumulation between days 0 and 4 (Supplemental Fig.  S2 , A and B), consistent with the delay observed for the different accessions grown in 0N1P or 1N0P medium, before any visible effect could be measured (Fig. 1, B and C).
We then cultivated Pt1 cells in sufficient amounts to analyze in parallel their cell phenotypes, photosynthetic properties, and lipidomic profiles. Based on previous experiments (Supplemental Fig. S2B ), F v /F m was selected as an indicator of nutrient limitation ( Fig. 2A) . At day 5, cells grown in 10N10P and 0N10P were harvested, whereas cells grown in 10N0P were kept in the culture medium until day 13. We should note that at days 5, 8, and 10, 30% of the 10N0P culture volume was replaced by fresh 10N0P medium to ensure that no other Martino et al. [2007] ). B, Accumulation of nonpolar lipids in N-limiting conditions. Cells in the exponential phase of growth were harvested by centrifugation and transferred to a fresh replete (1N1P; black bars) or N-depleted (0N1P; red bars) ESAW medium. Nonpolar lipid accumulation was measured after 3 d by Nile Red staining and expressed as fluorescence intensity normalized by cell number. C, Accumulation of nonpolar lipids in P-limiting conditions. Cells in the exponential phase of growth were harvested by centrifugation and transferred to a fresh replete (1N1P; black bars) or P-depleted (1N0P; blue bars) ESAW medium. Nonpolar lipid accumulation was measured after 8 d by Nile Red staining and expressed as fluorescence intensity normalized by cell number. r.f.u., Relative fluorescence units. nutrient limitation besides P would occur. In parallel, a 10N10P culture was similarly complemented with fresh 10N10P medium and kept as a control condition during the same period. After 13 d of P limitation, the cells were clearly impacted in their photosynthetic activity ( Fig. 2A ) and showed a high nonpolar lipid content ( Fig. 2B ). At the same time point, the control cultures also showed a slightly diminished F v /F m , which was not attributed to N or P deprivation, since we did not observe any TAG accumulation ( Fig. 2B ). Since we did not detect any significant change in the TAG content and membrane glycerolipid profile of cells grown in 10N10P medium collected after 5 or 13 d of culture, we used cells collected after 5 d in 10N10P as a control to compare nutrientstarved and nutrient-replete cells.
Comprehensive Characterization of the Glycerolipid Content of P. tricornutum Pt1 Grown in Nutrient-Replete Medium
We extracted the lipids from P. tricornutum cells with great caution to avoid lipid degradation. For this purpose, samples were freeze dried rapidly after harvest and lipids were extracted following a treatment in boiling ethanol to inactivate lipase activities. An aliquot fraction of the total extract of glycerolipids was transesterified in the presence of methanol, thus producing fatty acid methyl esters (FAMEs) that were separated by gas chromatography and quantified by flame ionization detection (GC-FID), as described in "Materials and Methods." We used thin-layer chromatography (TLC) to separate the different classes of glycerolipids, combining robust one-dimensional and two dimensional TLC systems to separate, on the one hand, nonpolar glycerolipids and free FA, and on the other hand, polar glycerolipids (phosphoglycerolipids and nonphosphorus glycerolipids; Fig. 3 ; Supplemental Fig. S3 ). We analyzed the structure of lipids in each spot revealed on the TLC plate (see "Materials and Methods") by mass spectrometry (MS; Tables I-III) and determined the corresponding FAME profiles by GC-FID.
The total glycerolipid extract from P. tricornutum grown in a 10N10P medium had a FA composition similar to those already reported in the literature for diatoms (Guschina and Harwood, 2006; Liang et al., 2014) and eustigmatophytes such as Nannochloropsis graditana (Simionato et al., 2013) : that is, strikingly enriched in C16 molecular species (16:0, 16:1, 16:2, and 16:3) and eicosapentaenoic acid (20:5) and poor in C18 FAs (Fig. 4A) .
We analyzed the different classes of glycerolipids in the extract (Fig. 4B) , providing, to our knowledge, the first reference for a complete glycerolipidome of P. tricornutum in unstressed conditions. The profile is dominated by MGDG, SQDG, and PC, which together represent more than 75% of the total content. We also confirmed the presence of 20:5 acyl-SQDG, as reported previously (Naumann et al., 2011; Supplemental Fig. S4 ). We identified a spot corresponding to diacylglyceryl-hydroxymethyl-N,N,N-trimethyl-b-alanine (DGTA; Figs. 3 and 4B; Supplemental Fig. S3 ), a betaine glycerolipid that had not yet been reported for P. tricornutum but has been reported for other algae such as Phaeocystis sp. (Haptophycea), Ochromonas danica (Chrysophyceae), Figure 2 . Photosynthetic activity and lipid accumulation in the Pt1 ecotype of P. tricornutum cultivated in replete or N-or P-depleted conditions. A, Time-course evolution of photosynthetic efficiency. The F v /F m ratio, representative of the photosynthetic efficiency of the diatom, was measured for Pt1 cells grown either in a replete medium (10N10P; black) or in medium deprived of N (0N10P; blue) or P (10N0P; red). B, Nonpolar lipid accumulation measured at day 13. Nonpolar lipid accumulation was estimated by Nile Red fluorescence normalized to cell number. In 10N10P, the fluorescence signal remained at background level, indicating that the F v /F m decrease was not due to N or P starvation. r.f.u., Relative fluorescence units. C, Total glycerolipid accumulation. The total level of glycerolipids (membrane lipids + TAG) was estimated by the total FA content after 5 d of cultivation in the replete condition (black bar) or following N starvation (red bar) or 13 d of P starvation (blue bar). To avoid any N deficiency in 10N10P or 10N0P culture, the media were replaced by fresh ESAW 10N10P medium every 3 d. and some brown algae such as Fucus vesiculus (Phaeophyceae; Dembitsky, 1996) . DGTA has the same mass as diacylglyceryl-N,N,N-trimethylhomoserine (DGTS) but could be discriminated by a different migration position on two-dimensional TLC (Vogel and Eichenberger, 1992) and, following tandem mass spectrometry (MS2) fragmentation, by the absence of a fragment corresponding to a loss of mass-to-charge ratio (m/z 87; Armada et al., 2013) . We did not detect the presence of DGTS in P. tricornutum.
Nonpolar lipids, DAG and TAG, are also present but in minor amounts (e.g. TAG represented only 1%-3% of the total glycerolipids when cells were grown in the 10N10P medium; Fig. 4B ). We were not able to identify in our TLC system any spot corresponding to phosphatidic acid, diphosphatidylglycerol, and phosphatidyl-Ser. This does not mean that these phospholipids are absent in P. tricornutum but indicates that they each represent less than 1% of the total glycerolipid content. Overall, the main lipids are the four chloroplast lipids present in every photosynthetic membrane (i.e. MGDG, SQDG, DGDG, and PG) together with PC, which is usually the main glycerolipid in nonplastid membranes, although in diatoms its abundance in the four membranes surrounding the chloroplast cannot be excluded.
The positioning of FAs on each glycerolipid (summarized in Table III ) was determined using MS and MS2 analyses, as described in Table II . The FA molar profiles (percentage) of the three main membrane lipids and the nonpolar glycerolipids are shown in Figure 5 .
Several general features can be deduced from Table  III . First, we confirmed previous analyses (Arao et al., 1987; Yongmanitchai and Ward, 1993) reporting that 16:3 is always located at the sn-2 position and 20:5 at the sn-1 position, except when two 20:5s are present. Almost all glycoglycerolipids have a C16 FA at the sn-2 position, suggesting that the plastid lysophosphatidic acid acyltransferase (LPAAT), an enzyme called Arabidopsis seed gene2 (ATS2) in plants, has a very high selectivity for a C16-acyl carrier protein (C16-ACP), as in higher plants (Frentzen et al., 1983) , and that the plastid pathway (also known as the prokaryotic pathway) for the synthesis of the diacyglycerol backbone of glycoglycerolipids is largely dominant in diatoms (Mongrand et al., 1998) . Considering MGDG, for example, the most abundant species is 20:5/16:3, in agreement with our gas chromatography analyses ( Fig. 5 ). Generally speaking, 16:3 and 16:4 are restricted to MGDG and only found at the sn-2 position. Considering DGDG, synthesized from MGDG, the sn-2 position is also esterified exclusively to a C16-FA, suggesting that these molecular species could originate from the same plastidic pathway. FAs in the sn-2 position are more saturated than those in MGDG (no 16:3 and 16:4 could be detected), suggesting that the desaturation of MGDG in 16:3 and 16:4 could be a way to lock an MGDG diacylglycerol backbone, preventing its utilization as a substrate for the synthesis of other glycerolipids, as shown previously in plants Petroutsos et al., 2014) and in Chlamydomonas reinhardtii (Li et al., 2012) . By contrast with plants, the sn-1 position of MGDG contains a very low proportion of C18 molecular species, with only about 8% of 18:0/16:3. The acyl profile of the different lipid classes, therefore, . Separation by TLC of the glycerolipids from P. tricornutum. Lipids from Pt1 cells grown in a replete medium (10N10P) were extracted and resolved following the procedures described in "Materials and Methods." The cross indicates the initial deposit. A, One-dimensional separation of nonpolar lipids (DAG and TAG) and free FA (FFA). Migration was performed in hexane: diethylether:acetic acid (70:30:1, v/v). B, Two-dimensional separation of polar (membrane) lipids. Migration was performed in chloroform:methanol:water (65:25:4, v/v) for the first dimension (arrow 1) and chloroform:acetone:methanol:acetic acid:water (50:20:10:10:5, v/v) for the second migration (arrow 2). Lipids were visualized under UV light, after spraying with 2% 8-anilino-1naphthalenesulfonic acid in methanol, and scraped off the plate for analyses. Identification of the lipid in each spot was performed by MS2 analyses. The spot circled in white is an unknown compound with a structure that differs from a glycerolipid.
indicates (1) that the FA synthases of the chloroplast produce 14:0, 16:0, and 18:0 species, (2) that the acyl-ACP D9-desaturase is mainly active on 16:0 rather than on 18:0, and (3) that the plastid glycerol-3-phosphate acyltransferase (an enzyme called ATS1 in plants) may have a lower affinity for C18 substrates than plant ATS1. The relative availability of acyl-ACP substrates (C16, C18, and C20 molecular species) also might be an important determinant, as it was recently reported that the level of C18 FA increased in MGDG when shifting the growth temperature from 20°C to 30°C, a condition known to lower 20:5 biosynthesis (Dodson et al., 2014) . PE, PC, and DGTA, which are likely synthesized in extraplastidic membranes, also contain C16 species at the sn-2 position, together with C18 and C20 FAs. The occurrence of a C16 FA at the sn-2 position in this lipid is consistent with two hypotheses: either an export of a prokaryotic diacylglycerol backbone or the fact that the microsomal LPAAT has no selectivity for FA molecular species, by contrast with the plastid LPAAT. Thus, in P. tricornutum, no specific signature could be determined for a potential eukaryotic pathway providing diacyl precursors to plastid lipids, as defined, respectively, in Arabidopsis and other microalgae such as C. reinhardtii (Fan et al., 2011) . A similar unbiased chain-length incorporation at the sn-2 position in P. tricornutum has also been observed in some chlorophytes such as Dunaliella bardawil (Davidi et al., 2014) , despite their distant lineages. In addition, PE, PC, and DGTA retained most of the C18 present in the cells. It is also noteworthy that we Hsu and Turk (2010) found only one species of phosphatidylinositide (PI), with a 16:1/16:0 scaffold, suggesting a peculiar role for this phospholipid. PG showed two major species, 20:5/16:1 and 16:1/16:0, always with a C16 at position sn-2. It was reported previously that 16:1 at the sn-1 position was 16:1 (v-7) (cis-desaturation in v-7 or D-9 position) and 16:1 at the sn-2 position was 16:1(v-13)t (trans-desaturation at position v-13; Arao et al., 1987) . Because the C16 transisomer is found only in chloroplast PG, it is likely that the 20:5/16:1 PG is located in plastids and that the 16:1/16:0 PG, similar to PI, is an extraplastidic PG species. We also found that acyl-SQDG always harbors a 20:5 linked to its polar head, with the same diacylglycerol backbones as those found in SQDG species but with a highly dissimilar distribution. The main species of 20:5 acyl-SQDG was 20:5/16:0, and the corresponding SQDG substrate represented only 10% of its own class of lipid. Assuming that acylation occurs on SQDG (Riekhof et al., 2003) , this observation suggests that it should be quite specific for the molecular species 20:5/16:0.
Concerning nonpolar lipids, the DAG pool is mainly constituted of three different molecular species, dominated by 16:1/16:0 and 16:1/16:1, with a lower amount of 14:0/16:1. Although minor amounts of C18 and C20 were detected in DAG by gas chromatography analysis ( Fig. 5) , these FAs were not detected by MS analyses, indicating that DAG species having a C18 or C20 were minor and could not be discriminated from the background. The DAG acyl composition (Table III) does not reflect the composition found in the main membrane lipids, in support of a de novo synthesis rather than a recycling of the diacylglycerol backbone from membrane lipids. These DAG molecular species are clearly at the origin of the TAG pool, also dominated by 16:0 and 16:1, with lower amounts of 14:0 and some 20:5 at position sn-3 (or sn-1). The proportion of TAG among other glycerolipids was low, reflecting the absence of any nutrient limitation.
Based on our structural determination of glycerolipid classes, we thus generated a reference profile for glycerolipids in P. tricornutum grown in nutrient-replete conditions. Based on this, we then assessed the variation of the glycerolipidome in nutrient-limited cells.
Impact of N and P Shortage on the Glycerolipid Content of P. tricornutum Pt1
We analyzed the glycerolipid profile in P. tricornutum Pt1 cells after 5 d of N starvation and 13 d of P starvation: Table III . Positional distribution of FAs, and molecular species found in each glycerolipid class Only molecules that represent more than 5% of all the species present in the class are indicated. The asterisk indicates where the sn-1 and sn-2 positions could not be discriminated. Major molecular species of a given lipid class are shown in bold characters. that is, when strong impacts on both the photosynthetic capacity (based on the F v /F m ratio) and the nonpolar lipid content (based on Nile Red staining) could be observed ( Figs. 1 and 2) . Figure 6A shows the glycerolipid profile in the three contexts: control (10N10P), N oligotrophic (0N10P), and P oligotrophic (10N0P). We observed the following trends.
(1) A considerable increase of TAG content, on a per cell basis, was observed in both N-and P-limiting conditions, reaching 40 and 60%, respectively, of the total glycerolipid content (i.e. a 45-fold and a 100-fold increase when compared with control conditions).
(2) The MGDG content decreased in both conditions. This decrease was more pronounced in the case of N shortage, whereas the levels of the other membrane lipids remained almost unchanged, except for PG, which also decreased by a factor of 2.
(3) A total disappearance of the phospholipids was observed in the P-starved condition, including the major phospholipids PC and PG, coinciding with a strong increase of DGTA and slight increases of DGDG and SQDG. The nature and amounts of FA, measured as a whole (Fig. 6B) , were also affected by nutrient limitation, with marked increases of 16:0 and 16:1 and a smaller albeit significant increase of 14:0, in support of an induced FA neosynthesis. Interestingly, the total amount of 20:5, the dominant FA in the control condition, remained almost unchanged. Thus, in the nutrient-limiting conditions, the dominant FA is no longer 20:5 but 16:1. Generally speaking, with the notable exception of TAG, the FA composition remained unchanged in the different glycerolipids (data not shown). A specific focus on TAG (Fig. 6C) indicated that not only 14:0, 16:0, and 16:1 but also 20:5 increased. In fact, the proportion of 20:5 in this class of lipids increased from about 1% in the control conditions to 8% in the N-starved and 6% in the P-starved conditions, suggesting a specific enrichment of 20:5 in TAG. MS analysis indicated that 20:5, as observed in control cells, was esterified at the sn-3 (or sn-1) position, indicating that this FA had been incorporated during the latter phases of TAG biosynthesis.
In order to better understand the origin of these FAs accumulating in TAGs, we measured the amount of 16:1 and 20:5 in each glycerolipid (Fig. 7A ). The level of 16:1 remained approximately constant in all glycerolipids except in TAG, indicating that the observed increase of 16:1 (Fig. 6B) was mainly, if not only, correlated to the increase of TAG synthesis and reflected FA neosynthesis. In the N-starved condition, the level of 20:5 increased in TAG and decreased in MGDG by about the same amount (Fig. 7B ). Because it almost remained constant in the other glycerolipids, this result suggests a 20:5 transfer from MGDG to TAG, as observed previously in N. graditana (Simionato et al., 2013) and C. reinhardtii (Fan et al., 2011) .
In the P-limiting conditions, the situation was more complex. A stronger increase of 20:5 was observed in the TAG pool, together with a smaller decrease in the MGDG pool than was observed in N-starved cells. No phospholipid, containing initially a high proportion of 20:5, could be detected. Recycling of phospholipid FAs, therefore, also could contribute to the 20:5 enrichment of TAG. Furthermore, an increase of SQDG and DGTA was observed (Fig. 6A ), consistent with (1) a PG replacement by SQDG in the plastid and (2) a possible recycling of the PC diacylglycerol moiety into DGTA, taking place in an extraplastidic membrane. This hypothesis is based on the strong increase of 20:5 in DGTA, likely reflecting the quantitative increase of the DGTA pool (Fig. 6A) rather than a specific 20:5 enrichment, because the global FA composition remained largely unaffected. Lipids from Pt1 cells grown in a replete medium (10N10P) were extracted, separated by TLC, and analyzed as described in "Materials and Methods." A, Global FA profile in a total lipid extract. FA proportions are given in percentages. B, Quantitative analysis of the various glycerolipids identified after TLC separation. Glycerolipids are expressed in nmol 10 26 cells and not as the summed FA content in each class. Each result is the average of three biological replicates 6 SD. ASQ, 20:5-Acyl-SQDG; FFA, free FAs.
DISCUSSION
A Reference Glycerolipid Profile for P. tricornutum
The glycerolipid composition of P. tricornutum presents a strong similarity with those reported for other photosynthetic unicellular eukaryotes (Dembitsky, 1996) but also specific differences. Besides the major lipids conserved in photosynthetic membranes (i.e. MGDG, DGDG, SQDG, and PG), we confirmed the presence of 29-O-acylsulfoquinovosyldiacylglycerides (20:5-acyl-SQDG [ASQ]), largely dominated by the molecular species sn-1:20:5/sn-2:16:0/29:20:5 (Naumann et al., 2011) . The presence of ASQ has also been reported for C. reinhardtii, although 18:3 or 18:4 acyl groups were the FAs involved in the 29acylation of the sulfoquinovose moiety (Riekhof et al., 2003) . To date, there is no evidence for a physiological or biochemical role of ASQ. The large proportion of SQDG also suggests that this lipid might not be restricted to chloroplast membranes; therefore, the subcellular localization of SQDG and ASQ should be assessed in the future.
Notwithstanding, an SQD1 C. reinhardtii mutant, lacking SQDG and ASQ, was clearly impaired in its photosynthetic capacities and in its response to inorganic phosphate deficiency, indicating altered membrane properties and an inability to adjust its membrane composition to adapt to environmental change (Riekhof et al., 2003) . These experiments did not reveal any specific role of ASQ versus SQDG, but the results presented here indicate that, if SQDG is the precursor of ASQ, as postulated previously (Riekhof et al., 2003) , this acylation process is quite specific for one minor SQDG species, sn-1:20:5/sn-2:16:0, representing less than 10% of the total SQDG. Such specificity in the acylation process suggests the existence of a specific role for ASQ. Figure 5 . Molar profiles of FAs in PC, DAG, TAG, MGDG, and SQDG. Lipids from Pt1 cells grown in a replete medium (10N10P) were extracted, separated by TLC, and analyzed for their FAs as described in "Materials and Methods." Note that a cross contamination is possible between SQDG and PC due to the proximity of the TLC spots, leading to moderate enrichment of 20:5 in SQDG and 14:0 in PC. Each result is the average of three biological replicates 6 SD.
Based on sequence similarity, we identified gene candidates for a plastid-localized synthesis of glycerolipids: a putative chloroplast glycerol-3-phosphate acyltransferase (ATS1 homolog; Phatr_3262), a chloroplast 1-acylsn-glycerol-3-phosphate acyltransferase (ATS2 homolog; Phat_43099), three MGDG synthase isoforms (three monogalactosyldiacyl homologs; Phatr_14125, Phatr_54168, and Phatr_9619), three DGDG synthase isoforms (three digalactosyldiacyl homologs; Phatr_12884, Phatr_11390, and Phatr_43116), a UDP-sulfoquinovose synthase (SQD1; Phatr_21201), and two SQDG synthase isoforms (two SQD2 homologs; Phatr_50356 and Phatr_42467). One or both of these SQD2 homologs also could be involved in the synthesis of ASQ.
The results obtained in this study indicate that FAs are synthesized in the stroma of chloroplasts by type II FA synthases, mainly as 14:0-, 16:0-, and 18:0-ACP. The presence of the saturated form of C18 in plastid lipids (i.e. 18:0) and the position of desaturation of 16:3 D6,9,12 in MGDG (Domergue et al., 2003) suggest that the plastid D9-acyl-ACP desaturation might operate only on 16:0-ACP, releasing 16:1(v-7)-ACP.
In plants, there are two pools of PG: one localized in the plastid, with a prokaryotic diacylglycerol backbone and a specific FA at the sn-2 position, 16:1(v-13)t; and one in microsomal membranes and mitochondria, with a so-called eukaryotic diacylglycerol backbone assembled in the ER. In Arabidopsis, two enzymes are thus responsible for PG synthesis: Phosphatidylglycerophosphate synthase1 (PGP1), localized in both chloroplast and mitochondria (Babiychuk et al., 2003) , and PGP2, localized in the ER (Müller and Frentzen, 2001) . By studying pgp mutants, it was established that the PGP1-dependent pathway was responsible for 70% of PG synthesis in leaves and was required for the development of green leaves and chloroplasts with well-developed thylakoid membranes Xu et al., 2002) , whereas the pgp2 mutant showed a small decrease in PG content compensated by a slight increase in PI content (Tanoue et al., 2014) . Based on the facts that PG and PI biosynthesis pathways share their precursors (i.e. phosphatidic acid and cytidine diphosphate-diacylglycerol [CDP-DAG] ) and that PGP2, the PI synthase, and the extraplastidic CDP-DAG synthases are all localized in the ER (Löfke et al., 2008; Zhou et al., 2013) , the accumulation of PI in the Arabidopsis pgp2 mutant is consistent with an accumulation of CDP-DAG. In P. tricornutum, we found only two species of PG, the 20:5/16:1 form, which is probably plastidic with 16:1(v-13)t at the sn-2 position, and the 16:1/16:0 form, which we expect to be extraplastidic, having exactly the same composition as PI. Together, these results suggest that the extraplastidic CDP-DAG synthase Figure 6 . Quantitative analysis of FAs and glycerolipids in P. tricornutum grown in nutrientreplete conditions or in medium devoid of either N or P. Lipids from Pt1 cells grown either in a replete medium (10N10P; black) or in medium deprived of N (0N10P; blue) or P (10N0P; red) were extracted, separated by TLC, and quantified as described in "Materials and Methods." To avoid any N deficiency in 10N10P or 10N0P culture, media were replaced by fresh ESAW 10N10P or 10N0P medium every 3 d. Lipids were analyzed after 5 d of cultivation in replete conditions (black bars), N starvation (red bars), or after 13 d for P starvation (blue bars). A, Changes in glycerolipid content. Note that in the P-depleted condition, phospholipids were not detectable. B, Changes in FA content. C, FA profile in TAG. Each result is the average of three biological replicates 6 SD. ASQ, Acyl-SQDG; FFA, free FAs.
is highly specific for a 16:1/16:0 substrate. Furthermore, the conservation of 16:0 at the sn-2 position in extraplastidic PG and PI in different algae species (Araki et al., 1987; Giroud et al., 1988; Liang et al., 2014) differs strikingly from the eukaryotic route observed in plants.
The preservation of the medium-chain FA in PI and extraplastidic PG might be important for their biological function. This result further supports either the absence of any FA selectivity of the extraplastidic LPAAT as being the basis of the plant eukaryotic signature or an export of the prokaryotic diacylglycerol backbone, as suggested in C. reinhardtii (Fan et al., 2011) . In the P. tricornutum genome, two putative CDP-DAG synthases can be predicted (Phatr_559 and Phatr_7678), and future functional studies should help to ascertain whether one is specific for the production of PG/PI precursors.
In addition to the classical phospholipids that make up the bulk of nonphotosynthetic membranes, we report the presence of DGTA, a betaine glycerolipid never observed previously in P. tricornutum. BL have been detected in numerous algae (comprehensively reviewed by Dembitsky [1996] ). Both DGTA and DGTS are usually associated with nonplastid membrane compartments (Künzler et al., 1997) and have structural similarities to PC (Sato and Murata, 1991) . Therefore, we can speculate that DGTA might be more abundant in the endomembrane system and may be present in the outermost of the four membranes of the chloroplast, connected to the nuclear envelope. We identified a candidate gene that might be involved in BL synthesis, Phatr_42872, whose role should be assessed in the future based on functional genomics approaches.
Concerning FAs, eicopentaenoic acid (20:5) is the major molecular species, found in all membrane lipids of P. tricornutum. It is also a major FA in numerous microalgae, such as Porphyridium cruentum (Khozin et al., 1997) , N. gaditana (Simionato et al., 2013) , Monodus subterraneus (Khozin-Goldberg et al., 2002) , and Chromera velia (Botté et al., 2011) . This polyunsaturated very-long-chain FA is usually synthesized in the ER (Khozin et al., 1997) following complex desaturation and elongation processes (for review, see Petroutsos et al., 2014) . The synthesis of 20:5 in the ER has not been unambiguously demonstrated in P. tricornutum. Nevertheless, the two front-end desaturases involved in this pathway, the D6 and D5 desaturases (Phatr_2948 and Phatr_46830, respectively), do not contain any predicted signal peptide and plastid-like transit sequence that could be involved in a targeting to the chloroplast. The synthesis of 20:5, therefore, is very likely to occur outside chloroplasts in P. tricornutum as well. The dominant species of MGDG in M. subterraneus (Khozin-Goldberg et al., 2002) and P. cruentum (Khozin et al., 1997) are 20:5/20:5. In these organisms, it was proposed that PE and PC were, respectively, donors for the DAG moiety responsible for these eukaryotic-like MGDG species. In P. tricornutum, however, all MGDG species having a 20:5 FA at the sn-1 position have a C16 at the sn-2 position, displaying a prokaryotic signature. Therefore, the acyl position in P. tricornutum MGDG supports a different scenario from that documented for Arabidopsis eukaryotic MGDG: once synthesized in cytosolic membranes, 20:5 has to be released from a phospholipid into the cytosolic acyl-CoA pool and then transported into the chloroplasts to be attached to the glycerol-3-phosphate at the sn-1 position by the first acyltransferase, ATS1. We denoted this unique route, misleadingly thought to correspond to the plant eukaryotic pathway, the omega pathway . The precise details and the enzymes and transporters involved in these events remain to be characterized.
The question of the putative existence of a eukaryotic pathway with a recycling of an intact diacylglycerol backbone coming from phospholipid for galactolipid synthesis, as described in higher plants, remains unsolved. Indeed, there is no visible signature for the eukaryotic pathway to follow, the typical eukaryotic 20:5/ 20:5 backbone found in extraplastidic glycerolipids (i.e. PC, PE, and DGTA) and described in other algae (Khozin et al., 1997; Khozin-Goldberg et al., 2002) being absent in plastid glycoglycerolipids. Since PC harbors a high proportion of C16 at the sn-2 position, we cannot exclude that some MGDG species could result from the galactosylation of a diacylglycerol backbone with this signature. However, considering that C18 is almost absent from galactoglycerolipids, this pathway should operate a sorting of diacyl molecular species, excluding PC with a C18 at position sn-2.
Remodeling of Membrane Glycerolipids in N-and P-Limiting Conditions
Based on our reference glycerolipid profile in a replete medium, we could compare the variations of the membrane lipid distribution occurring upon N or P starvation and attempt to deduce some likely remodeling scenarios. N shortage induces visible effects over a shorter time scale (3-4 d) compared with P shortage (8-13 d, depending on the initial level of this nutrient). This feature has been observed for all the Pt accessions examined here. Based on our observations, N limitation seems to trigger a serious and rapid stress response, presumably related to the need for protein synthesis, whereas more sophisticated lipid-remodeling systems seem to be operative during P limitation, perhaps as an adaptive response. This difference is also reflected at the level of photosynthesis; based on the F v /F m ratio, photosynthesis was apparently affected more rapidly in low-N than in low-P conditions. Considering membrane glycerolipids, N deprivation has no effect on the level of N-containing lipids such as PC, PE, and DGTA. As in Arabidopsis, N-containing lipids are not a form of N storage (Gaude et al., 2007) , in contrast with phospholipids, which are clearly a biochemical parameter tuned by photosynthetic organisms. The only significant changes we observed were a relative decrease of the proportion of MGDG and an increase in DGDG, leading to a diminished MGDG-DGDG ratio, a lipid change that also has been observed in Arabidopsis upon N shortage (Gaude et al., 2007) . The physiological significance of this phenomenon is unknown, but a reduced MGDG-DGDG ratio is often observed in chloroplasts with impaired photosynthesis (Boudière et al., 2014) . We could also detect a slight decrease in the proportion of PG, possibly reflecting senescence of the thylakoid membranes.
Following P deprivation, all phospholipids, including PC and PG, were completely undetectable, compensated by an increase of nonphosphorus lipids synthesized in endomembranes (indicated by a 5-fold-increase of DGTA) and in the plastid (indicated by a 2-fold increase of DGDG and a 1.5-fold increase of SQDG). The proportion of MGDG decreased by a factor of 1.5, but the overall proportion of galactoglycerolipids (MGDG and DGDG) increased. Similar observations have been made in higher plant cells (Jouhet et al., 2003) , although the impact on phospholipids was not as dramatic as that recorded here. The best documented form of BL in the literature is DGTS, and, because it sometimes has an inverse concentration relationship with PC, it is thought to replace PC in extraplastidic membranes (Moore et al., 2001) , as suggested for C. reinhardtii, which lacks PC (Riekhof et al., 2005 (Riekhof et al., , 2014 , and further supported by the comparison of phytoplankton communities collected in P-rich and P-oligotrophic regions (Van Mooy et al., 2009) . Consistent with this postulate, the increase of DGTA in the P-starved conditions reached a value that was about identical to that measured for PC in control cells, thus supporting that a PC-to-DGTA replacement occurred in extraplastidic membranes. In terms of lipid trafficking, no specific machinery would be required, since both DGTA and PC are likely synthesized in the same membrane system (i.e. the ER). It is also known that an increase of SQDG could compensate the absence of PG in plastids (Jouhet et al., 2010) . Similarly, this remodeling would not require any massive lipid transport, since PG and SQDG are localized in the same membranes (i.e. thylakoids).
In plants, P deprivation induces an increase of galactolipid production, using a eukaryotic diacylglycerol moiety diverted from hydrolyzed phospholipids, and an export of DGDG from plastids to extraplastidic membranes, such as the plasma membrane, the tonoplast, and/or mitochondrial membranes (Andersson et al., 2003 (Andersson et al., , 2005 Jouhet et al., 2004) . First, based on our results, there is no evidence for a eukaryotic pathway in P. tricornutum as described in plants, but rather an omega pathway, which might participate in the recycling of the phospholipid hydrophobic moiety, possibly by free FA transfers. Second, in P. tricornutum, the plastid envelope contains four membranes, with the two outermost ones being derived from the ER. DGDG has never been found in the ER of higher plants, and this lipid is transferred toward mitochondria via contact sites, indicating that the ER is not involved in DGDG trafficking, at least for this interorganellar transfer (Jouhet et al., 2004) . Similar physical links between the secondary plastid and the mitochondria might occur in P. tricornutum, since both organelles are very close (Prihoda et al., 2012) . Third, the increase of SQDG and DGTA could quantitatively compensate for the decrease of PG and PC, respectively. There is no obvious necessity for an export of DGDG toward extraplastidic membranes in the cells of P. tricornutum exposed to P limitation. It is possible, therefore, that an increase of DGDG, observed during both N and P limitation, might counteract the decrease of MGDG and contribute to the protection of photosynthetic membrane integrity.
In a recent report on the transcriptome changes occurring in P. tricornutum upon P shortage, transcripts for the ATS1 homolog (Phatr_3262), one of the MGDG synthase homologs (Phatr_54168), the two SQDG synthase isoforms (Phatr_50356 and Phatr_42467), and the putative gene involved in DGTA synthesis (Phatr_42872) were significantly up-regulated (Yang et al., 2014) . Likewise, in the centric diatom T. pseudonana, genes coding two putative SQD1 homologs (gene identifiers 7445840 and 7452379) and two putative monogalactosyldiacyl homologs (gene identifiers 7447073 and 7445775) were found to be up-regulated in response to P limitation (Dyhrman et al., 2012) . Therefore, the remodeling of lipids in diatoms seems to be transcriptionally controlled following, at least in part, the model dissected previously in plants, in which some of the genes encoding MGD, digalactosyldiacyl, and SQD2 isoforms (in Arabidopsis, MGD2, MGD3, DGD2, and SQD2; Misson et al., 2005) were shown to be specific to the P starvation response and activated by signaling cascades responding to low P. An in-depth study of the transcriptome of P. tricornutum cultivated in identical conditions to those used here will help identify all genes that are likely to be transcriptionally coordinated upstream of the observed remodeling and search for the corresponding cis-elements and transcriptional systems.
Accumulation of TAG in Conditions of N and P Starvation
All accessions of P. tricornutum, collected in various oceanic locations, showed an increase of TAG, albeit with some variations in the time scale and magnitude of accumulation of this class of nonpolar lipids. There was no apparent correlation between TAG accumulation and morphotype (triradiate, fusiform, or oval) or the initial geographic location. Pt10 and PtHK, which were both less sensitive to P shortage, were collected on the eastern coast of China, albeit at very distant sites, which could suggest an environmental impact on the physiology of these strains, perhaps with a higher capacity to store P. Interestingly, Pt4 was not able to accumulate large amounts of TAG in either N-or P-limiting conditions, which could suggest that it is affected in its ability to synthesize or store TAG. Pt4 was collected in the Baltic Sea, a relatively closed sea, but the long-term influence of this particular area on the physiological and metabolic behavior of these algae remains to be determined. Clearly, a genomic analysis of these strains is required to draw further conclusions. P and N limitation affect both the lipid content and the photosynthetic capacities of Pt1 cells. Although N deprivation has a strong and almost immediate effect on cell division, it is important to note that P deprivation requires a much longer period to induce any visible effect. Diatoms, therefore, might struggle more with a lack of N than with a lack of P, possibly because of the existence of powerful P-storage systems within the cell, such as polyphosphate, a ubiquitous P polymer (Martin et al., 2014) . N and P limitation will impact both the biosynthesis of proteins and the level of phosphorylated metabolites, which, in turn, will affect numerous metabolic functions, including growth and photosynthesis. However, oil accumulation depends on the availability of a carbon source (Fan et al., 2011) , and this is in apparent contradiction with an increase of TAG concomitant with a decline of photosynthesis. In this study, this source of carbon possibly arises from the remaining photosynthetic activity and/or from stored carbohydrates (Li et al., 2011) . Thus, it is likely that, in the case of a growth arrest linked to a mineral deficiency, the available carbon and energy unused for cell division and membrane expansion are diverted toward lipid biosynthesis and storage. This could be part of a cellular strategy to allow a better and quicker restart when environmental conditions become favorable again. Whether the arrest of cell division is an absolute requirement to trigger TAG accumulation is thus an important open question.
During both N and P shortages, we observed a significant increase in the neosynthesis of 16:0 and 16:1, which was mainly if not uniquely associated with the accumulation of TAG, whereas we observed only little change in the FA composition of the various glycerolipids, besides a 16:1 and 20:5 enrichment in TAG. This confirms previously published reports, in a variety of photosynthetic eukaryotes, showing that the accumulation of TAG triggered by a shortage of N originated mainly from FA neosynthesis (Simionato et al., 2013) . Whatever the growth conditions, the small pool of DAG is constituted of three main species comprising only 14:0, 16:0, and 16:1 acyl groups, with 14:0 being less abundant than the others and always esterified at the sn-1 position, when present. Interestingly, the sn-1 and sn-2 positions in TAG completely mirror the DAG pool, and the sn-3 position is occupied by a 16:0 or 16:1 FA in 80% to 90% of the molecular species. These two FAs are also the main ones overproduced in nutrient-limiting growth conditions. Clearly, these data do not support any substantial recycling of DAG moieties deriving from membrane glycerolipids, by contrast with higher plants (Bates and Browse, 2012) . Therefore, it is likely that TAGs are mostly synthesized via a route involving a diacylglycerol acyltransferase and de novo DAG and acyl-CoA synthesis (Kennedy pathway).
During both N and P limitation, TAGs were enriched in 20:5 at the sn-3 or sn-1 position, whereas the global level of 20:5 inside the cell was not affected. Since 20:5 is produced at the level of phospholipids in nonplastid membranes, it has to be transferred to TAG, most likely via the acyl-CoA pool or via a phosphatidyl diacylglycerol acyltransferase. In the N-deprived condition, it was striking to observe that the increase of 20:5 in TAG, on a per cell basis, roughly corresponds to the decrease of 20:5 in MGDG, suggesting that MGDG also could contribute to TAG synthesis, as described in N. graditana (Simionato et al., 2013) and C. reinhardtii (Fan et al., 2011; Li et al., 2012) . Based on this mechanism, the eicopentaenoic acid released in the acyl-CoA pool following the degradation of MGDG (or other membrane lipids such as phospholipids) should be recycled mainly into other glycerolipids such as TAG, rather than oxidized through the b-oxidation pathway.
CONCLUSION
The overall goal of this work was first to define a reference for the glycerolipidome of P. tricornutum, with MGDG, DGDG, SQDG, and PG as conserved lipids in photosynthetic membranes and PC and DGTA as major lipids in extraplastidic membranes. We also detected the presence of ASQ. Based on this reference, we could deduce that the FAs were most likely synthesized de novo in the stroma of chloroplasts as 14:0-, 16:0-, and 18:0-ACP species. We identified only one gene candidate coding for a putative palmitoyl-ACP D9-desaturase (Phatr_9316). When exported to the cytosol, FAs can be elongated and desaturated to generate 20:5. Acyl-ACP can be used in the plastid for the production of MGDG, DGDG, SQDG, and part of PG via a canonical prokaryotic pathway, and acyl-CoA can be used in the cytosol and endomembranes to generate PC, DGTA, or TAG. We could identify gene candidates coding for putative enzymes involved in these pathways. Extraplastidic PG and PI seem to share a common CDP-DAG precursor with a 16:1/16:0 signature. We could not detect any specific signature for an extraplastidic eukaryotic pathway as in plants and could not assess the possibility of the import of eukaryotic precursors inside the chloroplast. Rather, the plastid lipid profiles we obtained would be consistent with an import of 20:5 FAs, hydrolyzed from extraplastidic phospholipids, to serve as precursors for plastid acyltransferases, eventually producing MGDG, DGDG, and SQDG. We called this pathway the omega pathway, and future challenges include the deciphering of the machinery importing 20:5 FA into the chloroplast.
We compared the remodeling triggered by the deprivation of two major nutrients fluctuating in the oceans, N and P. On the one hand, N oligotrophy is apparently a severe stress for P. tricornutum, triggering a rapid senescence of chloroplast membranes, an arrest of cell division, and an accumulation of TAG. By contrast, a complex adaptation to P deprivation is observed, with a first phase of consumption of specific P-storage forms, most likely polyphosphate, followed by a breakdown of phospholipids, behaving like a secondary form of P storage, and their replacement by nonphosphorous lipids, most likely following PG-to-SQDG and PC-to-DGTA replacements. A phospholipid-to-DGDG replacement cannot be ruled out in some of the membranes limiting the chloroplast, but this has to be confirmed.
Future work should entail the characterization of the enzyme isoforms and the machineries for lipid synthesis, lipid breakdown, and lipid trafficking involved in the lipid changes described here and the systems controlling them. A survey of transcriptome variations occurring in P. tricornutum or T. pseudonana supports a transcriptional control, which should be studied further in the future. The task is as complex as that in plants, since some pathways, like the omega pathway, are apparently specific to chromalveolates, and their components cannot be deduced from previous studies. Nevertheless, the possibility to perform large-scale omics studies and to characterize the function of gene products is among the advantages of the P. tricornutum model. Future work starting with the gene candidates listed here will hopefully help to unravel the adaptive system of this diatom to cope with a fluctuating environment.
MATERIALS AND METHODS
Strains and Culture Conditions
Phaeodactylum tricornutum strains were obtained from the culture collections of the Pravosali-Guillard National Center for Culture of Marine Phytoplankton (CCMP) and the Culture Collection of Algae and Protozoa (CCAP), using axenic accessions characterized by De Martino et al. (2007) : Pt1, CCAP 1055/3; Pt2, CCMP2558; Pt3, CCMP2559; Pt4, CCAP 1055/2; Pt5, CCMP630, Pt6 (fusiform), CCAP 1054/4; Pt7, CCAP 1055/6; Pt8, CCAP 1055/7; Pt9, CCAP 1055/5; Pt10, CCAP 1055/8. We completed this series of accessions with the fully sequenced reference strain for P. tricornutum, derived from Pt1, Pt1.8.6 ; CCAP1055/1), and with an axenic strain isolated in Hong Kong, PtHK. Cells were maintained and grown in enriched seawater, artificial water (ESAW) medium, as described by Falciatore et al. (2000) . The different cell shapes described here are those of algae grown and maintained in artificial medium. In the preliminary comparative study of Pt1 to Pt10 ecotypes by microscopic imaging, cells were grown either in the presence of 0.55 mM N and 0.0224 mM P or in the absence of one or both of these nutrients. Cultures were grown in exponential phase in 50-mL single-use flasks with 100 rpm shaking, an irradiance of 100 mmol photons m 22 s 21 , and a 12-h-light/ 12-h-dark photoperiod at 19°C.
For the Nile Red measurements, 50-mL cultures were grown in exponential phase before being centrifuged at 1,500g for 30 min and suspended in 10 mL of replete or deficient medium. Initial cell densities for P-deficient and N-deficient experiments were 10 4 and 10 5 cells mL 21 , respectively. In the in-depth analysis performed on the Pt1 strain, cells were grown in batch conditions in 250-mL flasks containing 50 mL of ESAW medium with or without N or P. Replete conditions consisted of 5.5 mM N and 0.22 mM P, in order to avoid nutrient exhaustion in the batch culture over the observation period and to increase the contrast in the analyzed lipid profiles between nutrient-rich and -depleted conditions. Cells were cultivated in an artificial climate incubator, with 100 rpm shaking, under an irradiance of 40 mmol photons m 22 s 21 and with a 12-h-light/ 12-h-dark photoperiod at 19°C. The initial inoculum was 0.5 to 1.1 6 cells mL 21 . Cells were collected after 5 or 13 d and counted with a Malassez chamber using an aliquot fraction before any further manipulations.
Glycerolipids were extracted from freeze-dried P. tricornutum cells grown in 50 mL of ESAW medium with variable initial supplies of P and/or N. First, cells were harvested by centrifugation and then immediately frozen in liquid N. Once freeze dried, the pellet was suspended in 4 mL of boiling ethanol for 5 min to prevent lipid degradation, and lipids were extracted according to Simionato et al. (2013) by the addition of 2 mL of methanol and 8 mL of chloroform at room temperature. The mixture was then saturated with argon and stirred for 1 h at room temperature. After filtration through glass wool, cell debris was rinsed with 3 mL of chloroform:methanol (2:1, v/v), and 5 mL of 1% (w/v) NaCl was then added to the filtrate to initiate biphase formation. The chloroform phase was dried under argon before solubilizing the lipid extract in pure chloroform.
Total glycerolipids were quantified from their FAs: in an aliquot fraction, a known quantity of 15:0 was added and the FAs present were transformed as FAMEs by a 1-h incubation in 3 mL of 2.5% (v/v) H 2 SO 4 in pure methanol at 100°C (Jouhet et al., 2003) . The reaction was stopped by the addition of 3 mL of water and 3 mL of hexane. The hexane phase was analyzed by a GC-FID (Perkin-Elmer) on a BPX70 (SGE) column. FAMEs were identified by comparison of their retention times with those of standards (Sigma-Aldrich) and quantified by the surface peak method using 15:0 for calibration. Extraction and quantification were performed at least three times.
To quantify the various classes of nonpolar and polar glycerolipids, lipids were separated by TLC onto glass-backed silica gel plates (Merck) using two distinct resolving systems (Simionato et al., 2013) . To isolate nonpolar lipids including TAG and free FA, lipids were resolved by TLC run in one dimension with hexane:diethylether:acetic acid (70:30:1, v/v). To isolate membrane glycerolipids, lipids were resolved by two-dimensional TLC. The first solvent was chloroform:methanol:water (65:25:4, v/v) and the second was chloroform:acetone:methanol:acetic acid:water (50:20:10:10:5, v/v). Lipids were then visualized under UV light, after spraying with 2% (v/v) 8-anilino-1-naphthalenesulfonic acid in methanol, and scraped off the plate. No phosphatidylethanol could be detected after TLC or following MS analyses, indicating that the boiling ethanol treatment did not give rise to this category of glycerolipid derivative by nonspecific chemical reactions. Lipids were recovered from the silica powder after the addition of 1.35 mL of chloroform:methanol (1:2, v/v) thorough mixing, the addition of 0.45 mL of chloroform and 0.8 mL of water, and collection of the chloroform phase (Bligh and Dyer, 1959) . Lipids were then dried under argon and either quantified by methanolysis and GC-FID as described above or analyzed by MS.
For MS analyses, purified lipid classes were dissolved in 10 mM ammonium acetate in pure methanol. They were introduced by direct infusion (electrospray ionization-MS) into a trap-type mass spectrometer (LTQ-XL; Thermo Scientific) and identified by comparison with standards. In these conditions, the produced ions were mainly present as H 2 , H + , NH 4 + , or Na + adducts. Lipids were identified by MS2 analysis with their precursor ion or by neutral loss analyses as indicated in Table I . All experiments were performed in triplicate.
Positional Distribution of FAs Esterified to Glycerolipids
The positions of FA molecular species esterified to the glycerol backbone of the various glycerolipids were determined based on MS2 analyses. Glycerol carbons were numbered following the stereospecific number (sn) nomenclature. Depending on the nature of the glycerolipid and the type of adduct, the substituents at the sn-1 (or sn-3) and sn-2 positions are differently cleaved when subjected to low-energy collision-induced dissociation. This is reflected in MS2 analyses by the preferential loss of one of the two FAs, leading to a dissymmetrical abundance of the collision fragments. The patterns of MS2 fragments for all glycerolipids have been described in previous studies (Table II) , except for DGTA. In this study, we hypothesized that the loss of FAs in DGTA following low-energy collision-induced dissociation is similar to that observed for other polar lipids, such as PC.
Supplemental Data
The following supplemental materials are available.
Supplemental Figure S1 . Growth, photosynthetic activity, and intracellular triacylglycerol content of Pt1 cells in 1N1P and 10N10P conditions.
Supplemental Figure S2 . Growth, photosynthetic activity, and intracellular triacylglycerol content of Pt1 cells in 10N10P, 0N10P, and 10N0P conditions.
Supplemental Figure S3 . General structure of glycerolipids.
Supplemental Figure S4 . Structural analysis of ASQ.
